Caffeine is known to potentiate the cytotoxic effects of DNA damaging agents and increases the sensitivity of p53-deficient cells to X-irradiation (X-IR). We have analyzed the cell cycle and cell death control after X-IR in the absence or presence of caffeine in hematological cell lines with various configurations of the p53 gene; EBV-immortalized lymphoblastoid cells with heterozygous p53 mutation (wt/mt), human leukemia cell lines HL60 and KOPM28 with no and mutant p53 expression, respectively. These cell lines display an impaired G0/G1 checkpoint and G2 delay following X-IR, and resistance to apoptosis, which are in accordance with findings previously reported. When irradiated in combination with caffeine, all these cell lines overrode the G2 delay and accumulated at G0/G1. The cell cycle modifications in these cell lines correlated with the increase in radiation-induced p34Cdc2 kinase activity by caffeine. These cell cycle control modifications by caffeine, however, were not associated with enhancement of radiation-induced apoptosis or reduction of clonogenic growth activity in these cell lines. These results suggest that the cytocidal effect of caffeine may need to be verified independently of its cell cycle regulatory activities at least in some cases with p53 mutation.
Introduction
Malignant transformation of cells involves a multi-step process such as the mutation of genes involved in the regulation of cell growth, differentiation and apoptosis. The most common target of mutation is the p53 gene which leads to cell cycle arrest in late G1, 1 and/or apoptosis in response to DNA damage. 2 The loss of p53 function can occur through point mutation, allelic loss, rearrangements, or intragenic deletions in a highly conserved region of the gene. This usually leads to the disruption of specific DNA binding and transcriptional activities which is apparently a critical event in the development, or clonal progression of cancer. 3 Germ line transmission of a mutant (mt) p53 gene in families with LiFraumeni syndrome (LFS) also revealed a role for p53 in the genetic predisposition to cancer. [4] [5] [6] [7] Caffeine is a well known promoter of cell cycle progression and modulates anti-neoplastic drug toxicity. [8] [9] [10] Although the mechanisms of these activities are still enigmatic, it has been reported that the modulation of cytotoxicity involves disruption of DNA repair by phosphodiesterase inhibition, 11 and prevention of the inhibition of DNA synthesis, 12 while caffeine-induced cell cycle progression mainly involves modulation of kinase and phosphatase activity. Caffeine activates p34Cdc2 by inhibiting Tyr15 phosphorylation of p34Cdc2 by wee1, leading to cell cycle progression. premature cell condensation and leads to apoptotic cell death. 15 These findings support the view that caffeine-induced pharmacological activation of p34Cdc2 kinase may help to circumvent resistance against genotoxic anticancer agents.
Recently, it has been demonstrated that DNA damage-associated cell cycle and apoptosis control are coordinately modulated by caffeine in p53-deficient fibroblast through p34Cdc2 activation. 16 Here we present the results of our study in cell lines with p53 mutation which indicate that caffeine-mediated modulation of cell cycle control in response to X-irradiation (X-IR) is not always associated with the enhancement of apoptosis or reduction in cell survival activity.
Materials and methods

Cell lines and p53 status
Epstein-Barr virus (EBV) immortalized lymphoblastoid cell lines (LCLs) were established by infecting peripheral blood lymphocytes from a normal individual and a symptomatic carrier of a germ line p53 mutation at codon 286 (E286A) with the EBV strain B95-8, according to the method described previously (LCL-wt and LCL286A, respectively). 6, 7, 17 The samples were collected after obtaining the informed consent of the donors and the approval of the local committee for ethics at the National Children's Hospital, Tokyo. Human leukemia cell line, HL60, is a promyelocytic leukemia cell line and has been shown to have a p53 gene deletion (p53 del/del).
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KOPM28 was established from a patient with acute myelogenous leukemia and has been shown to have a p53 mutation at codon 227 (A227P) and no wt-p53 (p53 del/mt).
19 KOPM46 was established from a patient with acute lymphoblastic leukemia and a functional assay for the separate allele of p53 gene in yeast 20 demonstrated no p53 mutation (p53 wt/wt) (data not shown). The characteristics of these cell lines are summarized in Table 1 . 
Cell cycle analysis
Cell cycle was analyzed according to methods described previously. 6, 7 Cell cycle was briefly synchronized by replacing with fresh media 18 h before X-IR. Cells were X-irradiated for 5 Gy with the dose rate of 1 Gy/min. Cell cycle phase change was studied 16 h after X-IR. The cells were washed in PBS, stained for 20 min on ice with 5 g/ml propidium iodide (PI) (Sigma, St Louis, MO, USA) after 70% ethanol fixation, and analyzed by FACScan (Becton Dickinson, San Jose, CA, USA) using the automated computer program Cell Quest (Becton Dickinson, San Jose, CA, USA), and ModFit-LT (Verity Software House, Topsham, MA, USA). Cells with DNA contents exceeding 4 C were studied 72 and 144 h after 5 Gy X-IR, staining with PI, and analyzed by FACScan. The aggregation artifacts were excluded by a doublet discrimination module (DDM) (Becton Dickinson). The increase (or decrease) in the percentage of cells in the S (or G0/G1) phase was expressed as {S (or G0/G1) with X-IR − S (or G0/G1) without X-IR}/S (or G0/G1) without X-IR × 100 (%), and analyzed statistically by the Mann-Whitney U test.
The effect of caffeine was studied according to the method originally described in p53-deficient fibroblasts for coordinated regulation of cell cycle and apoptosis control. 1, 16 Briefly, 4 mM caffeine was added 30 min before 5 Gy X-IR and the effect for enhancement of apoptosis and cell cycle change was measured. The effect of 8 mM caffeine was also tested in some cases.
Kinase assay for p34Cdc2
Cells were cultivated and analyzed according to the protocol described by Yao et al. 16 Briefly, cells were preincubated with or without caffeine for 30 min and were harvested 3 h after 5 Gy X-IR. The Histone H1 kinase assay was conducted according to the standard method. 13 For immunoprecipitation, 100 g of cell extract was incubated for 24 h at 4°C with mouse monoclonal anti-human p34Cdc2 antibody (Transduction Laboratories, Lexington, KY, USA), attached with 20 l of recombinant protein A/G agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Immunoprecipitates were rinsed and then resuspended in 20 l of kinase buffer containing 0.5 g of histone H1, 2 M of ATP, and 5 Ci of (␥ 32 P ATP). Samples were electrophoresed in a Multigel 15/25 (Daiichi Pure Chemicals, Tokyo, Japan).
Western blot analyses
The effect of X-IR on p53-mediated p21
Cip1/WAF1 transactivation is most apparent from 3 h to 6 h, then declines gradually after X-IR. 6, 7 Thus cells were harvested 3, 6 and 12 h after X-IR and total soluble cellular protein was electrophoresed in a Multi Gel 10 (Daiichi), and transferred to an Immobilon PVDF Transfer Membrane (Milipore, Bedford, MA, USA). Binding of the primary antibody was detected using a commercial ECL kit (Amersham Japan, Tokyo, Japan). Antibodies to p53 (Do-1) and EBV-encoded latent membrane protein 1(LMP-1) were obtained from DAKO (Glostrup, Denmark). Antibodies to p21
Cip1/WAF1 and p34Cdc2 were obtained from Transduction Laboratories. Antibodies to ␣ tubulin and actin were obtained from Oncogene Science (Cambridge, MA, USA).
Flow cytometry for Bcl2 expression
Cells were fixed with 2% paraformamide for 10 min at 4°C, and Triton X-100 was added to a 0.005% final concentration. Cells were kept at 4°C for 10 min. After washing, cells were incubated with human IgG to prevent nonspecific binding, and then incubated with excess amount of FITC-conjugated anti-Bcl2 monoclonal antibody (DAKO). After washing, cells were analyzed using FACScan.
Apoptotic cell determination
Flow cytometric apoptosis determinations were performed, as reported previously, 24 and 48 h after 5 Gy X-IR. 6, 21 The cells were permeabilized with 70% ethanol, incubated with 100 g/ml RNase A (Sigma) for 30 min at 37°C, and then stained with 5 g/ml Pl diluted in PBS. After 30 min of incubation on ice, the cells were analyzed on a linear scale with FACS analysis, and quantified for the presence of cell fraction with subdiploid DNA.
Clonogenic assay
Clonogenic assay was based on the method described previously. 22, 23 Briefly, cells were resuspended at a concentration of 1000 cells/ml in 10% FCS RPMI containing 50% of culture supernatant of healthy control-derived LCL (LCL-wt) with 0, 1, 2, or 5 mM caffeine, and 100 l of cell suspension was plated to each well of 96-well microplate. Cells were Xirradiated for 2 Gy at a dose rate of 1 Gy/min. 24 Twenty-four hours after irradiation caffeine was removed by replacing with culture media without caffeine according to the method described previously. 23 After two weeks culture, MTT reagent was added at the concentration of 5 g/ml and wells that had MTT positive cluster formed of more than 32 cells defined as positive.
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Results
Caffeine induces cell cycle progression in cells with p53 mutations
The ability of cells to arrest in G1 was assessed 16 h after 5 Gy irradiation of exponentially growing culture. We chose the time point of 16 h, since it was previously shown that in LCLwt p21
Cip1/WAF1 protein is persistently elevated and effective until up to 24 h after X-IR, and radiation-associated cell cycle changes, such as the decrease in cells at S phase, become most apparent from 16 h to 24 h after X-IR. 6, 7, 25, 26 Furthermore, incubation of cells with mitotic inhibitor, nocodazole, following radiation did not significantly alter our finding, suggesting that cells observed in G1 at 16 h following radiation did not represent cells re-entering from G2 of the previous cell cycle (data not shown). 25 LCL-wt showed a significant increase in the G0/G1 fraction after X-IR (from 51.6 to 59.7%) (percent increase: 10.5 ± 7.6%) compared with that in LCL286A which showed a retardation of G0/G1 arrest induction (from 43.9 to 40.0%) (percent increase in G0/G1: −3.9 ± 7.3%) 16 h after 5 Gy X-IR. HL60 and KOPM28
showed impaired G0/G1 arrest induction (from 56.1 to 13.3% in HL60, from 59.0 to 8.0% in KOPM28) (percent increase in G0/G1: −20.4 ± 1.2% and −72.2 ± 11.7%, respectively) and reciprocal accumulation in G2/M phase. The G0/G1 cell cycle arrest in LCL-wt was associated with a significant transactivation of p21
Cip1/WAF1 , leading to an inhibition of cyclin E/CDK2 and cyclin A/CDK2 kinase activities, while in the cell lines with p53 mutation there was no (HL60, KOPM28) or little (LCL286A) p21
Cip1/WAF1 transactivation (data not shown). These findings are in accordance with those reported previously. 1, 6, 7, 23 When cell cycle status 16 h after 5 Gy X-IR was studied in the presence of caffeine, all cell lines showed a prominent decrease in the G2 phase population associated with G0/G1 accumulation ( Figure 1, lanes 2 and 3) . These findings support the results previously reported 1, 23 and indicate that the G2 delay had been overridden and cells had accumulated at G0/G1. p53 has been implicated not only at the G1 checkpoint, but also in later phases of the cell cycle, such as PCNA-dependent DNA replication 27 and the mitotic checkpoint, 28 both of which are essential for the maintenance of diploidy. As we have previously shown, LCL286A is characterized by the accumulation of a DNA content exceeding 4C at 72 and 144 h after X-IR. The evidence for this failure in the mitotic check point has also been shown by fluorescence in situ hybridization (FISH) analysis for chromosome 1. 6 When the effects of caffeine treatment on hyperploidization in LCL286A were studied, the presence of 4 mM caffeine was inhibitory against the appearance of hyperploidization (Figure 2 ).
Caffeine upregulates p34Cdc2 activity
Caffeine activates p34Cdc2 kinase activity by inhibiting Tyr 15 phosphorylation of p34Cdc2, which leads to cell cycle progression through G2 and M phases. 13 We tested whether caffeine can upregulate the p34Cdc2 kinase activity in our cell lines 3 h after X-IR (Figure 3a) , when the effect of caffeine is most apparent 16 and cell cycle distribution is not yet modi- fied in irradiated and mock-treated cells with or without caffeine (data not shown). In LCL-wt, radiation upregulated p34Cdc2 kinase activity up to 1.82 ± 0.53-fold of untreated control. Caffeine treatment with or without X-IR also upregulated p34Cdc2 kinase activities (2.45 ± 0.16 and 2.49 ± 0.15-fold increase in activation, respectively) (Figure 3b ). In LCL286A, radiation induced very little increase in p34Cdc2 kinase activity (1.15 ± 0.28-fold increase in activation), which agrees with our previous observation. 7 Caffeine treatment led to a 1.71 ± 0.28 or a 1.81 ± 0.17-fold increase in p34Cdc2 kinase activity in LCL286A with or without X-IR, respectively (Figure 3b ). The total amount of p34Cdc2 protein in LCLs, as determined by Western blotting, did not change when cells were treated with X-IR, caffeine, or both (Figure 3a) . It should be noted that although upregulation of p34Cdc2 kinase activity in LCL286A appears less than that in LCL-wt, it was sufficient to lead to cell cycle progression and resolve development of hyperploidization in LCL286A.
Caffeine modulates radiation-induced apoptosis in cell lines with wt-p53 but not with p53 abnormalities
Cells irradiated with 5 Gy were examined for the apoptotic populations with subdiploid DNA content 24 and 48 h later. At 24 h, the percent population of cells with subdiploid DNA content was greater in LCL-wt than in LCL286A, and this difference became prominent at 48 h (38.34 ± 3.62% apoptosis in LCL-wt and 12.42 ± 4.04% apoptosis in LCL286A, Figure 4a ). KOPM46, with wt-p53, showed 27.00 ± 5.04% apoptosis at 48 h. HL60 and KOPM28 with no or mutated p53 expression, on the other hand, showed an apoptosis-resistant phenotype (9.96 ± 3.39% and 6.66 ± 2.56% apoptosis, respectively, Figure 4b ). When analyzed after 5 Gy X-IR in the presence of 4 mM caffeine, LCL-wt and KOPM46 showed a significant enhancement of apoptosis (52.05 ± 5.68% and 66.21 ± 10.96% apoptosis, 48 h after X-IR, respectively). In p53 mutant lines, however, caffeine failed to enhance radiation-induced apoptosis (LCL286A, 7.65 ± 0.35%; HL60, 7.59 ± 0.46%; KOPM28, 10.12 ± 2.87, 48 h after X-IR, Figure 4a, b) . In LCL286A, 8 mM caffeine also failed to enhance apoptosis after 10 Gy X-IR (data not shown). Caffeine treatment alone did not induce apoptosis in any of the tested cell lines in this mass culture condition (data not shown). The difference in apoptosis sensitivity in LCLs was not correlated to the differences in LMP-1 or Bcl2 protein expression, as determined by Western blot and flow cytometry, respectively (Figure 5a, b) .
Caffeine decreases the p53 and p21
Cip1/WAF1 transactivation in LCL-wt DNA damage induces the accumulation of p53 protein by a post transcriptional modification, which is reportedly one of the causes of cell death following X-IR.
2 Accordingly, we studied p53 accumulation by Western blotting, 3, 6 and 12 h after 5 Gy X-IR in LCL-wt. p53 accumulation was observed within a couple of hours 2 and remained significantly higher than the constitutive level for at least 6 h, with maximum expression up to 12-fold occurring 3 h after X-IR in our observation (Figure 6a, b) . On the other hand, caffeine treatment inhibited X-IR-associated p53 accumulation and only a 6.5-fold increase was seen 3 h after X-IR (Figure 6a, b) . Thus our data demonstrated that caffeine reduces the radiation-induced p53 accumulation in LCL-wt, which supports previous data by Kastan et al.
1 p53-mediated induction of p21 Cip1/WAF1 was studied 3, 6 and 12 h after 5 Gy X-IR, with or without caffeine treatment. p21
Cip1/WAF1 accumulation was also observed within a few hours 6 and remained significantly higher than the constitutive level for at least 12 h, with maximum expression occurring 3 h after X-IR (Figure 6a, b) . Caffeine treatment, on the other hand, reduced X-IR-induced p21
Cip1/WAF1 transactivation, the level of which was 46.4% of that seen in irradiated LCL-wt without caffeine (Figure 6a ). Thus caffeine treatment modulates X-IR-associated p53 accumulation as well as p21
Cip1/WAF1 transactivation in LCL-wt. 
Caffeine does not modulate clonogenic growth activity of irradiated cells
Apoptosis resistance is not always associated with radioresistance. We have recently found ataxia telanigiectasia patientderived LCLs (AT-LCLs) are highly radiosensitive, although they are resistant against radiation-induced acute onset apoptosis. 29 Thus our finding that caffeine does not increase the sensitivity of apoptosis in X-IR-treated p53 mutant lines may not rule out the possibility that caffeine enhances radiosensitivity of these cells. The effect of caffeine on radiosensitivity was studied by an assay for clonogenic growth of X-IR-treated LCL286A. This resulted in no significant reduction of clonogenic growth activity by addition of caffeine (1, 2, or 5 mM) in X-IR-treated LCLs with or without p53 mutation (Figure 7) .
Discussion
Cells that have a p53 mutation are reportedly resistant to cell death by DNA damaging agents such as radiation. 2 Recently, it has been shown that caffeine treatment can sensitize cells with a p53 deletion or mutation to cytotoxic effects by X-IR 16, 23 or ultraviolet light, 30 suggesting that caffeine is one of the possible reagents that sensitizes cells with p53 mutation to cytocidal effects of DNA damaging reagents.
In order to verify further the effect of caffeine on cell cycle regulation and cell death induction, and extend these findings for clinical applications, human hematological cell lines with various p53 mutations were studied. X-IR-associated G2 delay in HL60, KOPM28 and LCL286A with p53 gene mutation on at least one of the two alleles was diminished by caffeine treatment and cells accumulated at G1. A mitotic checkpoint abnormality in LCL286A was also minimized at 144 h by caffeine treatment. Thus, caffeine treatment modified the change of cell cycle distribution induced by X-IR with a concomitant upregulation of p34Cdc2 kinase activity. These findings indicate that caffeine is biologically active on these cell lines, and allows us to verify the cytocidal effect of caffeine by assays for apoptosis and clonogenic growth activity.
In the study for apoptosis sensitivity, LCL-wt and KOPM46 cells with wt-p53 gene showed hypersensitization to radiation-induced apoptosis (Figure 4 ) with concomitant cell cycle modification overriding G2/M arrest. In LCL-wt caffeine blocks the accumulation of p53 protein, which is in contrast to an increase in the G0/G1 phase population after X-IR.
p21
Cip1/WAF1 transactivation following X-IR is also downmodulated in the presence of caffeine ( Figure 6 ). Since p53 is one of the central transactivators of p21 Cip1/WAF1 in the presence of DNA damaging agent, 31 these results also indicate this inhibition of p53 accumulation is associated with the significant downregulation of its transactivation activity. Although it is not clear why the accumulation of p53 is disturbed by caffeine, one of the possible explanations is the change in the Caffeine does not modulate radiosensitivity of LCL-wt and LCL286A as determined by clonogenic growth activity. Clonogenic growth activity was studied with 0, 1, 2, 5 mM caffeine. Cells were either mock treated (−) or X-irradiated (+). Caffeine was added immediately prior to irradiation and removed after 24 h according to the method described previously. 23 Colony % was shown standardizing that without X-IR as 100. One of the two results with similar features is shown. phosphorylation state of p53, which is supported by a recent finding that p53 is a substrate for p34Cdc2 in vitro. 32 Thus, p53 accumulation is disturbed by caffeine treatment in cells which are sensitized to radiation-induced apoptosis. This finding rules out the possibility that apoptosis sensitization by caffeine is mediated by wt-p53 accumulation but rather supports the view that caffeine-induced upregulation of p34Cdc2 kinase activity together with cell cycle progression through G2/M phase may be responsible for apoptosis induction in the clones with wt-p53. These findings were in contrast to the p53 mutant cell lines, which showed no sensitization to X-IRinduced apoptosis by caffeine in spite of concomitant p34Cdc2 kinase activation. Possible molecules responsible for the apoptosis resistance in LCL286A may include the proteins categorized as anti-apoptotic Bcl2 family proteins. 33 Since Bcl2 and LMP1 could be the components for apoptosis resistance in EBV-transformed LCL286A, their expression level has been studied, but neither of them has been shown to be overexpressed compared with LCL-wt, ruling out the possibility that they are responsible for apoptosis resistance in p53 mutant clones.
Although it was shown that LCL286A was resistant against X-IR associated acute onset apoptosis in the presence of caffeine, this may not rule out the possibility that caffeine may have some effect in inducing radiosensitive phenotype in LCL286A. We have recently shown that the increase in radiosensitivity is not dependent on that in apoptosis sensitivity. 29 Furthermore, it should be noted that caffeine reportedly induces radiosensitization in cells with no p53 expression as determined by clonogenic survival activity. G2 peak induced by X-IR is much larger for LCL286A than LCL-wt as analysed at 16 h after X-IR, and the effect of caffeine in overriding G2 block is greater in LCL286A (Figure 1) . Thus, it would be useful to know whether this greater override of G2 block, which did not result in induction of acute onset apoptosis (Figure 4) , did somehow result in more cell killing. In order to answer this question, we analyzed the clonogenic growth activity in LCL286A after X-IR in the absence or presence of caffeine. As a result, caffeine was shown to exert no effect on radiosensitization of LCL286A (Figure 7 ). These findings indicate that caffeine does not modulate radiosensitivity as determined by clonogenic survival activity and apoptosis sensitivity in LCL286A, at least in these culture conditions. Previously, caffeine was reported to increase the susceptibility to radiation-induced cell death in a variety of cells including p53 knock-out mice, 1, 23, 30 rat embryo fibroblasts with wt or Ala143 mutant p53, 23, 34 HeLa cells with no p53 expression due to HPV E6 protein, 35 and leukemia cell line KG1 with p53 mutation on both alleles. 36 These findings suggest that caffeine-induced hypersensitization for cell death is p53 status independent. On the other hand, no caffeinemediated apoptosis hypersensitization has been observed in TK6 with wt-p53 37 or Raji cells with mt-p53 on both alleles, 38 which is in accordance with the observation presented in our study for cell lines with the p53 mutation. Although further study is needed to clarify whether caffeine may or may not mediate sensitization to cytocidal effects of DNA damaging agents, these contradictory findings may partly be explained by a variation of p53 mutations. It is possible that caffeineinduced sensitization may depend on the mutations of the p53 gene which acquire transactivation activities on some occasions by gaining the function of mutation. 39 Alternatively, tumor cells may also have accumulated genomic abnormalities other than p53, which may compromise caffeinemediated sensitization for apoptosis and reduction of clonogenic survival activity.
Altogether, our data emphasize the view that in cells with dysfunctional p53, the cell cycle control modifications by caffeine are not always associated with sensitization to cell death. Even though caffeine may sensitize the cells for cell death, being associated with the machinery to modulate cell cycle distribution such as p34Cdc2 kinase activation, this may be cancelled by various biological molecules yet to be determined. Further studies are needed to focus on the mechanisms by which caffeine succeeds or fails in sensitizing cell death of malignant cells with various p53 mutations.
